Poly(N-isopropylacrylamide) (PNIPAAm) has the sharpest phase transition of the class of thermosensitive N-alkyl acrylamide polymers. This feature makes it the most suitable for studies and practical applications. PNIPAAm exhibits a thermally reversible soluble-insoluble change in response to temperature changes across a lower critical solution temperature (LCST) at 32˚C in aqueous solutions. Polymer chains of NIPAAm hydrate to form expanded structures in water at lower temperature. At higher temperature, however, the chains form compact structures by dehydration. The remarkable phase transition of PNIPAAm in aqueous media is due to rapid hydration and dehydration changes of the polymer chain.
Introduction
Poly(N-isopropylacrylamide) (PNIPAAm) has the sharpest phase transition of the class of thermosensitive N-alkyl acrylamide polymers. This feature makes it the most suitable for studies and practical applications. PNIPAAm exhibits a thermally reversible soluble-insoluble change in response to temperature changes across a lower critical solution temperature (LCST) at 32˚C in aqueous solutions. Polymer chains of NIPAAm hydrate to form expanded structures in water at lower temperature. At higher temperature, however, the chains form compact structures by dehydration. The remarkable phase transition of PNIPAAm in aqueous media is due to rapid hydration and dehydration changes of the polymer chain.
PNIPAAm hydrogel has been utilized for drug delivery systems, 1, 2 and as a cell culture substrate. 3, 4 PNIPAAm has also been utilized in thermo-responsive bioconjugates, 5, 6 which can be applied to reversible bioreactor systems. However, there have been few reports concerning the use of these thermoresponsive polymers in chromatographic separation. We have studied a new HPLC method using packing materials modified with these temperature-responsive polymers, PNIPAAm and its copolymer. [7] [8] [9] [10] [11] [12] A novel chromatography system may be achieved using stimuli-responsive polymers, which alter their structure and physical properties in response to an external environmental change. These methods are expected to be applicable to the separation of pharmaceuticals, nucleotide, peptides and proteins. In this study, we prepared a temperature-responsive hydrogel-modified surface in order to enhance the density of PNIPAAm chains on the surface of packing materials. Using a PNIPAAm hydrogel-modified column, we have now achieved the successful separation of steroids and amino acid phenylthiohydantoins (PTH-amino acids) using only an aqueous solution as a mobile phase without an organic solvent.
Experimental

Materials
N-Isopropylacrylamide (NIPAAm) was kindly provided by KOHJIN (Tokyo, Japan) and was purified by recrystallization from hexane and dried at 25˚C in vacuo. N,N-Dimethylformamide (DMF) and N,N′-methylenebisacrylamide (MBAAm) were obtained from Kanto Chemicals (Tokyo, Japan). 4,4′-Azobis(4-cyanovaleric acid) (Wako Pure Chemicals) was used after drying at 25˚C in vacuo. 1-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Aminopropyl silica was obtained from Nishio Industry (Tokyo, Japan). Other chemicals were of analytical reagent grade.
Preparation of PNIPAAm hydrogel-modified silica
4,4′-Azobis(4-cyanovaleric acid) (3.50 g, 12.5 mmol) and EEDQ (6.18 g, 25.0 mmol), an initiator and a condensing agent, respectively, were dissolved in 250 ml of DMF in a separable flask. The solution was bubbled with N2 gas for 30 min. Aminopropyl silica beads (5 µm) were then immersed in the solution, and the mixture was degassed again for 30 min before the reaction was started. The reaction was carried out at 25˚C for 6 h under an N2 gas atmosphere. Modified silica beads were washed with DMF and ethanol, consecutively, and dried in vacuo overnight. Polymerization of PNIPAAm hydrogel on silica beads was carried out by the following method to avoid incomplete deoxygenation of the porous silica beads: NIPAAm Poly(N-isopropylacrylamide) (PNIPAAm) has the sharpest phase transition of the class of thermo-sensitive N-alkyl acrylamide polymers. We developed a new method of HPLC using packing materials modified with cross-linked poly(Nisopropylacrylamide) (PNIPAAm) hydrogel. A temperature-responsive surface was prepared by polymerization of NIPAAm in the presence of a cross-linker on the silica support. The surface properties and functions of the stationary phases change in response to the external temperature. Therefore it easily changes the interaction of a solute with the surface with a constant aqueous mobile phase. A temperature-responsive elution behavior was observed on the separation of steroids and PTH-amino acids. The method is expected to be applicable to separation in the pharmaceutical and biomedical fields.
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immobilized silica beads (4.0 g) were added to the monomer solution. The reaction mixture was then bubbled with N2 gas for 1 h, and polymerization was carried out at 70˚C for 5 h under an N2 gas atmosphere. PNIPAAm hydrogel-modified beads were filtered and washed three times with methanol by decantation to remove any un-immobilized hydrogels. These were then rinsed in methanol at 25˚C, and then pure water at 5˚C, respectively, and dried in vacuo overnight.
Chromatographic apparatus
The polymer-grafted silica support was packed into a stainless-steel column (length: 150 mm × 4.6 mm i.d.). The column was connected to an HPLC system (HITACHI Model L-6200 intelligent pump; L-4000 UV-monitor, D-2500 data processor). The column oven was a Shodex AO-30 (Showa Denko, Tokyo, Japan). Milli-Q grade water was used as the mobile phase. The elution behaviors of the samples were recorded at a flow-rate of 1 mL/min at various temperatures.
Standard solutions of PTH-amino acids were prepared with Arg (initial conc. 1.000 mg/ml); Asn (0.404 mg/ml); Asp (1.084 mg/ml); Gln (0.124 mg/ml); Glu (0.471 mg/ml); His (1.000 mg/ml); Leu (0.014 mg/ml); Met (0.063 mg/ml); Phe (0.038 mg/ml); Pro (0.038 mg/ml); Thr (0.019 mg/ml); Trp (0.019 mg/ml); Tyr (0.077 mg/ml).
Standard solutions of steroids were prepared with Dexamethasone (0.061 mg/ml), Hydrocortisone (0.101 mg/ml), Hydrocortisone acetate (0.007 mg/ml), Prednisolone (0.166 mg/ml), and Testosterone (0.027 mg/ml).
Results and Discussion
Syntheses of PNIPAAm hydrogel layer on silica surfaces Figure 1 illustrates a modified silica surface with PNIPAAm hydrogel. The azo initiator was introduced on silica beads for a surface modification with thermo-responsive hydrogels. A PNIPAAm hydrogel layer was prepared by radical polymerization on initiator-immobilized surfaces. Yakushiji et al. 13 reported temperature-dependent wettability changes for PNIPAAm hydrogel-modified surfaces by aqueous dynamic contact-angle measurements. A glass surface modified with PNIPAAm hydrogel showed temperature-responsive hydrophilic/hydrophobic surface property alterations. A large and discontinuous surface wettability change was observed in the temperature range of 27 -32˚C.
A PNIPAAm gelimmobilized surface studied here showed a slightly lower transition temperature than that of the PNIPAAm terminallygrafted surface. We had previously observed a drastic and reversible surface hydrophilic/hydrophobic property alteration for PNIPAAm-terminally grafted surfaces due to rapid changes in the polymer hydration state around the polymer's transition temperature. 7, [13] [14] [15] Compared with a terminally-grafted surface, the restricted hydrodynamic motion of a PNIPAAm segment in grafted hydrogel was considered to be due to restricted conformational transitions.
The method for preparing thermo-responsive packing materials was relatively simple and easy compared with the PNIPAAm terminally grafted stationary phase reported previously. [6] [7] [8] [9] [10] [11] [12] Additionally, a polymer layer formed on silica beads shows resistance to an alkaline solution. 16 It is well known that silica-based supports are unstable in alkaline solution, where hydrolysis of the siloxane bonds can occur. Thus, the formation of a PNIPAAm hydrogel layer through polymerization at the silica surface was effective for covering the silica surface.
Temperature-responsive chromatographic separation of steroids
Using a column packed with PNIPAAm hydrogel-modified silica connected to an HPLC system, the separation of steroids was carried out by changing the temperature. Milli-Q water was used as the sole mobile phase. Figure 2 shows typical chromatograms of steroids on a PNIPAAm hydrogel-grafted silica column. The temperature-dependent resolution of steroids was achieved using only water as a mobile phase. Although the peaks of steroids are not properly resolved at 5˚C, the peaks were well resolved at 50˚C. With increasing the temperature, increased interactions between the solutes and the PNIPAAm hydrogel-grafted surfaces of the stationary phases were observed. The results indicated that a surface modified with PNIPAAm hydrogel of the stationary phase exhibited 46 ANALYTICAL SCIENCES JANUARY 2002, VOL. 18 temperature-controlled hydrophilic-hydrophobic changes. The surface was hydrophilic at a lower temperature and hydrophobic at an elevated temperature. The surface properties and functions of the stationary phases enabled control by an external temperature; thus, the separation selectivity and retention of the solute were controlled by changes in the column temperatures without any change in the eluent. We previously demonstrated that a hydrophobic interaction between steroids and PNIPAAm terminally-grafted surfaces was readily modulated by the temperature. 7,8 A PNIPAAm hydrogel-modified surface showed remarkable surface wettability changes by changing the temperature. 13 Therefore, a hydrophobic interaction with hydrophobic steroids is greatly affected by the temperature on this surface. As previously reported, 8 the retention of steroids exhibits a linear relationship with the log P values (the partition coefficients in 1octanol/water system). The log P values for each steroid are 1.61 for Hydrocortisone, 1.62 for Prednisolone, 1.83 for Dexamethasone, 2.30 for Hydrocortisone acetate, and 3.32 for Testosterone. In this study, similar results were obtained; the more hydrophobic steroids showed longer retention times. These results indicate that a stronger hydrophobic interaction is the primary driving force for partitioning steroids into PNIPAAm gel-modified matrices.
As can be seen in Fig. 2 , the elution peaks of steroids were broader at 5˚C than at a higher temperature. At 50˚C, the retention times of solutes were increased and the peaks became narrow and well-resolved. Compared with a PNIPAAm terminally-modified column, these observations are different. In the separation of steroids on a terminally grafted column, the retention times decreased at lower temperature, and the resultant peaks were narrow. [7] [8] [9] [10] [11] [12] As the surface property of the stationary phase changed to hydrophilic at decreased temperature, the hydrophobic interaction between the solute and the stationary phase was decreased. Thus, molecules on the tail of the chromatographic peak would move faster. These features are due to rapid changes in the polymer conformation that is attributed to the mobility of grafted polymers. In the case of a PNIPAAm hydrogel-modified column, their peaks became wider at lower temperature, while the retention times of the steroids were reduced. It should be considered that the partition into the PNIPAAm hydrogel layer affects the elution of steroids below the gel transition where PNIPAAm gel exists in the swelling state. The swelling of the PNIPAAm hydrogel layer with decreasing temperature disturbs the diffusion of the solute molecules into the gel layer. Thus, the peak width was increased at low temperature. Consequently, the separation on the PNIPAAm hydrogel-modified column should be affected by two modes. One is a hydrophobic interaction between the solute and the PNIPAAm hydrogel surface, which is similar to the terminally-grafted surface. The other is the partition of solute molecules into PNIPAAm hydrogel layers. The balance of these factors should affect the elution profiles of the solute on the PNIPAAm hydrogel-modified column.
Temperature-responsive chromatographic separation of PTHamino acids
We previously demonstrated the temperature-responsive chromatographic separation of PTH-amino acids using aqueous media as the mobile phase on PNIPAAm terminally grafted silica columns. 12 Figure 3 shows typical chromatograms of a mixture of PTH-amino acids at below and above the LCST of a polymer on PNIPAAm hydrogel-grafted silica columns. Milli-Q water was used as the sole mobile phase. PTH-amino acids were dissolved in Milli-Q water, and a sample mixture solution was injected into a PNIPAAm hydrogel-modified column. As shown in Fig. 3 , the peaks were not properly resolved at 5˚C, and at 50˚C they were well-resolved. However, an alteration of the retention times of PTH-amino acids in response to the temperature on a gel-modified column are smaller than that on a terminally-modified column. This phenomenon should be caused by the restricted mobility of the PNIPAAm chain in grafted gels. The increase in the thickness and the cross-linked structure for grafted PNIPAAm on solid surfaces might disturb the dynamic behavior of the PNIPAAm chain in hydrogel in response to the temperature. In our system, however, a very thin PNIPAAm gel layer was formed on silica surfaces. Since the phase transition of PNIPAAm results from the stability of hydrophobic groups along the polymer chain in aqueous media, the LCST for the polymer should decrease with increasing polymer hydrophobicity. 17 We have reported on the regulation of the LCST values for PNIPAAm by telomerization copolymerization with the hydrophobic comonomer, n-butyl methacrylate (BMA). 7 On a poly(NIPAAm-co-BMA) terminally grafted column, the retention times increased even below the copolymer's LCST. Increased hydrophobicity in the polymer chain enhanced the hydrophobic interaction, even below LCST, where polymer chains exist in a hydrated form. The cross-linked structure of PNIPAAm hydrogel should have a similar property of an enhanced hydrophobic interaction with the solute below the LCST of the hydrogel. The surface properties and functions of the stationary phases should be controlled by the external temperature. As previously reported, 7,9 the LCST of PNIPAAm solutions shifted to a lower temperature with increasing salt concentration. Thus, the retention of solutes is greatly affected by the concentration of salt, such as NaCl, in the mobile phase on a thermo-responsive PNIPAAm column. Figure 4 shows chromatograms of PTH amino acids on a PNIPAAm hydrogelmodified column with 0.5 M NaCl as a mobile phase. The retention times for each PTH-amino acid were retarded with increasing temperature. Increased retention times for samples were clearly demonstrated with the increasing column temperature. The separation of fourteen PTH-amino acids was achieved by selecting appropriate column temperatures without any changes in the mobile-phase composition. The retention times observed for PTH-amino acids depended largely on the temperature, as shown in Fig. 4 .
The retention times significantly increased above the transition temperature of grafted PNIPAAm hydrogel. This can be explained in terms of the increased hydrophobicity of the PNIPAAm hydrogel surface due to increased dehydration and hydrophobic aggregation of grafted PNIPAAm chains above the transition temperature. Increased retention times with increasing temperature were opposite to that seen for conventional chromatography. This provides evidence that the interaction between PTH-amino acids and temperature-responsive surfaces becomes stronger at elevated temperatures and salt addition. This system would be highly useful to control the function and property of the stationary phase for HPLC by only changing the temperature with an aqueous solvent.
Conclusion
A simple and easy method was developed for preparing thermoresponsive packing materials. Additionally, PNIPAAm hydrogelgrafted silica beads show resistance to alkaline solution. In the proposed chromatographic system, the elution of target substances is controlled only by changing the column temperatures without any further modification of the aqueous mobile phase and the organic solvent. This method was also applicable for separating of nucleonic acids, peptides and proteins. The ability of the proposed temperature-responsive polymer-modified stationary phase to separate solutes without using an organic solvent is advantageous from the point of view of maintaining biological activity, environmental reasons, and economical cost of the mobile phases. 
